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OPTICAL CHARACTER RECOGNITION

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application claims the benefit of U.S. Provisional
Application No. 61/535,912, filed on Sep. 16, 2011. The
entire disclosure of the above application 1s incorporated
herein by reference.

BACKGROUND

This specification relates to optical character recognition.

Optical character recognition (OCR) uses computer soit-
ware to process digital images of printed, typewritten, hand-
written, or other written text, whether originally on paper,
microfilm, or other medium, and to produce text from the
images. The digital image of a document processed by an
OCR engine may include images of multiple pages of written
material. The images of the text to be processed by the OCR
engine may be obtained by various imaging methods includ-
Ing using an image scanner to capture digital images of the
text.

SUMMARY

In general, one mnovative aspect of the subject matter
described 1n this specification can be embodied 1n methods
that include the actions of recerving a text image divided 1nto
one or more 1mage segments; evaluating a set of feature
functions for a log linear model to determine respective fea-
ture values for each 1image segment of the text image, wherein
cach feature function h, maps each image segment S, to a
teature value, and wherein each teature function h, 1s associ-
ated with a respective feature weight A ; 1dentifying one or
more candidate characters for each image segment, wherein
the candidate characters are 1dentified using the determined
feature values for the corresponding 1image segment, and
wherein each 1dentified candidate character has an associated
score determined according to feature functions and weights
of the log linear model, and wherein the candidate characters
are 1dentified using a feature table that stores co-occurrence
counts between characters and feature values, wherein fea-
ture values 1n the feature table comprise a first feature value
computed from a co-occurrence count of a character t, 1n
training data with a k-th row or column projection p, of an
image segment S, corresponding to character t,, wherein the
first feature value 1s based at least on part on:

log{Count(p(S,),t,),

wherein feature values 1n the feature table comprise a second
teature value computed based on a character language model,
wherein the second feature value corresponds to a probability
for a given 1nput character based one or more previous char-
acters; and determining, by application of a search function, a
transcription that minimizes a cost for the text image accord-
ing to the log linear model, wherein the transcription 1s a
sequence of 1dentified candidate characters, one candidate
character for each 1image segment, wherein the search func-
tion performs a beam search through a lattice of nodes and
directed edges, wherein each node corresponds to one of the
identified candidate characters and each edge to a node 1s
associated with the score associated with the node. Other
embodiments of this aspect include corresponding systems,
apparatus, and computer programs recorded on computer
storage devices, each configured to perform the actions of the
methods.
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In general, another innovative aspect of the subject matter
described 1n this specification can be embodied 1n methods
that include the actions of recerving a text image I; evaluating
a set of feature functions for a log linear model to determine
respective feature values for the text image I, wherein each
feature function h, maps the text image/to a feature value, and
wherein each feature function h, 1s associated with a respec-
tive feature weight A ; and determining a transcription T that
minimizes a cost of the log linear model.

These and other embodiments can each optionally include
one or more of the following features. Determining a tran-
scription T comprises determining a transcription T that mini-
mizes a cost for the log linear model over transcriptions T
according to:

M
7= argmaxz (T, D).
A

Determining a transcription T comprises determining a
transcription T that minimizes a cost for the log linear model
over pairs ol transcriptions T and 1mage segmentations S
according to:

M
Ak (T, S, 1.
1

T = argmax
T.§

=

The actions further include 1dentiiying one or more candi-
date characters for each of one or more 1mage segments of the
text 1mage, wherein the candidate characters are i1dentified
using the determined feature values for the corresponding
image segment, and wherein each 1dentified candidate char-
acter has an associated score determined according to the log
linear model, and wherein determining, by result of a search
function, a transcription T comprises identifying a sequence
of1dentified candidate characters, one candidate character for
cach 1image segment, that produces a highest transcription
score. The actions further include identifying one or more
candidate characters for each of one or more 1mage segments
of the text image, wherein the candidate characters are 1den-
tified from a set of candidate transcriptions, and wherein each
identified candidate character has an associated score deter-
mined according to the log linear model, and wherein deter-
mining, by result of a search function, a transcription T com-
prises 1dentilying a sequence of identified candidate
characters, one candidate character for each 1image segment,
that produces a highest transcription score. The i1dentified
candidate characters are identified from a feature table that
stores co-occurrence counts between characters and feature
values. Feature values 1n the feature table comprise a first
teature value computed from a co-occurrence count of a
character t, in training data with a k-th row or column projec-
tion p, of an 1mage segment S, corresponding to character t..

The first feature value 1s given by a first feature function
defined by:

. Count(py (S;), 1;)
S Count(PL(S)

The first feature value 1s given by a first feature function
defined by:
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Count(p, (S;), ;)
Count(t;)

log

The search algorithm performs a beam search through a lat-
tice, wherein the lattice comprises nodes of each of the 1den-
tified candidate characters for each image segment and edges
of each associated score. The feature functions comprise a
first feature function that i1s based on a character language
model, wherein a first feature value for the first feature func-
tion corresponds to a probability for a given input character
based one or more previous characters. The feature functions
comprise a first feature function that 1s based on a document
image decoding model. The feature functions comprise a first
teature function that 1s based on a hidden Markov model.

Using a log linear model for OCR {facilitates combination
of multiple disparate feature functions. The log linear model
allows feature functions to be incorporated rapidly, allowing
adaptation of the system to other languages and writing sys-
tems. The feature functions can be of substantially different
types yet can be combined 1n a systematic and principled way.
Weights assigned to each feature function can be used to
adapt the system to the particular input 1images being ana-
lyzed.

The details of one or more embodiments of the subject
matter described in this specification are set forth in the
accompanying drawings and the description below. Other
features, aspects, and advantages of the subject matter will
become apparent from the description, the drawings, and the
claims.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s an architecture diagram of an example optical
character recognition system according to embodiments of
the described subject matter.

FI1G. 2 illustrates row and column projections of an image
segment according to embodiments of the described subject

matter.

FIG. 3 1s a diagram of an example system for optical
character recognition according to embodiments of the
described subject matter.

FI1G. 4 1s a flow chart of an example process for performing,
optical character recognition according to embodiments of
the described subject matter.

FIG. 5 1s a diagram of an example lattice according to
embodiments of the described subject matter.

FIG. 6 1s a flow chart of an example process for performing,
optical character recognition according to embodiments of
the described subject matter.

FIG. 7 1s a diagram of an example lattice according to
embodiments of the described subject matter.

Like reference numbers and designations in the various
drawings indicate like elements.

DETAILED DESCRIPTION

FIG. 1 1s an architecture diagram of an example optical
character recognmition (OCR) system. An input text image 110
1s an 1mage (e.g. a digital image) of a single line of text in a
single language. For the given mput text image 110, a search
120 1s performed using multiple feature functions 122, 124,
and 126 to find a transcription 130. The transcription 130 1s a
sequence ol characters in the text image 110, and can be
output by the system as, e.g., a sequence of character codes.
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4

The problem of finding the most likely transcription T for
a given text image can be specified by a log linear model:

T = argmaxP(T | )
T

b

M
exp[z L RAT, D
=1 y
— .
S el ancr. 1)
=1

T

= argmax
T

In other words, given a text image I, the OCR system searches
for the transcription T that results 1n the highest probability.

The system can 1dentily a most likely transcription by
computing a transcription score for each of multiple candi-
date transcriptions. The transcription score may, but need not,
represent a probability. The search problem of finding the
transcription with a highest transcription score, where the
score 1s computed from multiple distinct feature functions,
can be specified by:

M
T = argmaxz Ai(T, D,
I 2

where each feature function h (T, I) has an associated weight

A,

Context-dependent feature functions can also be used to
identify a transcription T with the highest transcription score.
One such context-dependent feature function 1s a character
language model, which can be used to compute a feature
value for a given character that corresponds to a probability,

based on one or more previous characters:

bt (T, 1) = logP(T) = mg]_[ P |t ... fig)
i=1

The character language model can be used to compute a
probability for character t, given a sequence of previous char-
acterst, ...t,_,,e.g., characters in a determined transcription
for an 1mage segment. This feature 1s by definition context
dependent, 1.e., 1t cannot be evaluated for t, independently of
the preceding hypothesized transcription elements. Many

other features can be so decomposed. Thus, instead of maxi-
mizing over all transcriptions T, one can maximize over pairs

of (T, S):

M
T = argmaxz \h(T, S, D,
=

for each of M feature functions, e.g., feature functions 122,
124, and 126.

FIG. 2 1llustrates row and column projections of an 1mage
segment 200. The log linear model as described above allows
the combination of multiple feature functions h,, each with an
associated weight A.. Feature functions can be defined that
use such row and column projections p, for a given 1mage
segment S,. Each projection p, encodes pixel row or column
information for a griven 1image segment.
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In some implementations, the image segment 1s binarized
by converting each pixel into either a black pixel or a white
pixel. Projections of pixel rows and columns of the binarized
image can be generated by encoding black pixels as 1’s and
white pixels as 0’s. For example, projection 210 (*p,”)
encodes the top-most row of 1image segment 200. In some
implementations, the encoded row data 1s padded with 0’s so
that the projection has a predefined width. In this example,
projection 210 p,(S,) gives an encoded value of
“0001000000.” Other row and column projections can simi-
larly be used to generate N projections for image segment
200.

The projections can be used to define feature functions that
are based on co-occurrence counts of characters and projec-
tions. Two such feature functions that can be used to compute
co-occurrence counts between a particular character t, and a
projection p, of a givenimage segment S, areh ..., givenby:

7 Count(z;, pg(S;))
hk,CEF(Ta 5, 1) = ; log Count(p, (5;)) 5

and hy -z, given by:

= Count(;, pi(S:))
hcre(T, 5, 1) = Z log Countz)
i=l ‘

Many other types of feature functions can be defined for a
given mput text image, including a character language model
as described above. The number of characters in the text
image can also be used as a feature function. In addition,
teature Tunctions based on conventional OCR approaches can
be defined and incorporated into the system as other indepen-
dent feature functions. The log linear framework of the OCR
system allows any number of such feature functions to be
incorporated into the system. For example, feature functions
can be defined according to the template-oriented Document
Image Decoding approach to OCR, as well as the pixel-
column-oriented Hidden Markov Model approach to OCR.
Document Image Decoding feature tunctions return log-like-
lihood scores that represent a degree to which a character-
shape template {its the data locally. Hidden Markov Model
feature functions operate on columns of pixels of the text
image. The best path through a series of states 1s determined,
corresponding to a score representing a degree to which a
hidden Markov model for a hypothesis character fits the data
locally.

After a set of feature functions has been defined, the OCR
system can use conventional machine-learning techniques to
compute associated weights that maximize system accuracy.
In some 1mplementations, the OCR system uses Minimum
Error Rate Training (MERT) to learn the associated weights
A, of the feature functions h,. MERT can be used to optimize
the weights directly based performance of the system. MERT
can be used, for example, to optimize for character error rate,
word error rate, or any appropriate combination of the two.
For example, the output of a decoder can be used to optimize
the feature weights using Minimum Error Rate Training. In
some 1mplementations, the feature weights are optimized
using a dataset of held out data different from a dataset used
to build a feature table for computing feature values.

FIG. 3 1s a diagram of an example system 300 for optical
character recognition. The system illustrated 1n FIG. 3 can
implement a log linear model as described above. The com-
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6

ponents of system 300 include an OCR model 320 and a
decoder 330. The components of the system 300 can be

implemented as computer programs installed on one or more
computers.

The OCR model 320 includes M feature functions 321,
which can include a character language model 322, projec-
tion-based feature functions as described above, 1n addition to
others. Each feature function has an associated weight A, 325.

The decoder 330 receives a text image 332 and determines
an output transcription 334 having a lowest cost using the
trained OCR model 320.

During traiming, the system receives text images and cor-
responding transcriptions of the text images. The text images
can include segmentation or bounding box imnformation 1ndi-
cating the locations of characters. The system can process an
image ol one or more characters to compute feature values for
cach of the M feature functions 321.

For some {feature functions, co-occurrence information
between computed feature values and particular characters
can be stored 1n a feature table 323. For example, each of N
projections p, can be used to compute the feature values for
h; -z7 and h; - as described above. These teature values
can be stored in the feature table 323 as a {key, value} pair,
where the key is a {k,p.(S,)} pair, with each k identifying a
distinct row or column and p,(S,) being the encoded row or
column projection (e.g. “0001000000”). Each value of the
{key, value} pair in the feature table identifies a character t,
and a score. For example, the projection feature function
h;. cz7canhave a corresponding value of the {key, value} pair
in the feature table that includes:

{r- o Count(k, pr(S}), I}')}
S Countk, pr(5)) )

where Count(k,p.(S,).t,) 1s a co-occurrence count between the
character t, and the particular projection encoding p,(S,) of
projection k, and Count(k,p,(S,)) 1s an occurrence count of
the projection pair {k,p,(S,)}. Similarly, the projection fea-
ture function h; .~ can have a corresponding value of the
{key, value} pair in the feature table that includes

Count(k, pi(S;), 3}')}

6, 1
{1 = Count(r;)

where Count(t,) 1s an occurrence count of the character t..
Each feature function in the system can have an analogous
{key, value} pair in the feature table, such that for each
computed feature value of an 1mage segment S,, a character
and a score can be retrieved during decoding. Scores for
feature functions that share the same keys can be stored
together 1n the feature table.

FIG. 4 1s a flow chart of an example process 400 for per-
forming optical character recognition. Optical character rec-
ognition can be performed by a decoder, e.g., decoder 330
illustrated 1n FIG. 3. In general, the decoder receives a text
image and produces a transcription that has a lowest com-
puted cost according to a log linear model.

The decoder recerves a text image (410). In some 1mple-
mentations, the segmentation or bounding boxes of the
received text image are provided with the recerved text image.
In some other implementations, a preprocessing stage deter-
mines a segmentation of the mput text image.

The decoder evaluates feature functions for the image
(420). Feature functions can be evaluated on the entire text
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image, individual 1mage segments, or on 1image pixel col-
umns. Evaluating feature functions results 1n a set of feature
values for the 1image. The feature functions can, for example,
be based on row and column projections of an image segment,
as described above. The feature functions can also be based
on other OCR approaches such as Document Image Decod-
ing and a Hidden Markov Model, as described above. The
feature functions can additionally be defined to compute glo-
bal image feature values, for example, an average gray value
of the image or the 1image width.

The decoder 1dentifies candidate characters and associated
scores (430). In some 1implementations, the determined fea-
ture values can be used as keys to a feature table to 1dentify
scores for each of one or more candidate characters for each
ol one or more 1mage segments, as described above. Other
feature values, e.g. as given by a language model, can be used
directly as scores.

The decoder can compute a combined score for each 1den-
tified candidate character according to the feature functions
and weights of a log linear model. Computing the combined
score can be done by combiming the scores obtained from the
teature table and weighting the scores by the associated fea-
ture weights. In some implementations, the feature values can
be defined as —log(-) values such that the combined score 1s a
cost associated with each candidate character 1n a transcrip-
tion. The decoder can then perform a search for the transcrip-
tion that results 1n the lowest computed cost.

The set of candidate characters and associated costs can be
used to construct a lattice. Each candidate character 1s a node
in the lattice, and each path through the lattice 1s a candidate
transcription. Each edge 1n the lattice 1s associated with a cost
determined from feature values for a character 1n a candidate
transcription corresponding to a path 1n the lattice. The lattice
can then be searched to determine a path with the lowest cost
(or the path with the highest transcription score).

FI1G. 51s a diagram of an example lattice 500. The example
lattice 500 1s constructed using candidate characters as nodes
and by associating costs for each subsequent candidate char-
acter 1n a candidate transcription with each edge. A search
algorithm can be used, by a decoder, for example, to traverse
the lattice 1n order to determine a path with the lowest cost or
highest transcription score based on the costs associated with
edges of the lattice. Candidate characters on the determined
path with the lowest cost can then be output as a transcription.

After constructing the lattice, a decoder can traverse the
search lattice using any appropriate lattice traversal algorithm
in order to determine a path with a lowest cost. In some
implementations, the decoder uses a conventional beam
search algorithm, which can apply a heuristic at each node on
a path and where only a subset of possible paths are traversed.

For example, a beam search can start from a root node 501.
Candidate characters can be 1dentified using computed fea-
ture values for the text image. For example, candidate char-
acters 510 and 512 can be 1dentified for a first image segment.
Obtained scores for each respective candidate character 1n a
transcription can be used to associate costs with each edge
505 and 513 from the root node 501.

If a particular candidate character was not observed to
co-occur with particular feature values during training, the
combined score for the candidate character may be zero.
Thus, an edge’s associated cost for the candidate character
may be infinite. In some implementations, 1 order to smooth
infinite edge costs, the edge can instead be assigned a maxi-
mum cost.

The beam search can then search the lattice for subsequent
candidate characters in a transcription. For example, candi-
date character nodes 520-525 can be traversed by the search
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using feature values computed for a next image segment.
Obtained scores for each respective candidate character 520-
525 can be used to associate costs with edges to each candi-
date character node.

For each next set of candidate characters, the beam search
algorithm can search only a subset of possible paths, referred
to as the beam width. For example, i1 the beam width 1s 2, at
cach next character, the beam search algorithm can search
paths only from two candidate character nodes with the two
lowest costs. For example, at the third character, the lattice
can be searched only from two candidate character nodes with
the two lowest costs, e.g., nodes 520 and 3521. Similarly, for
the fourth and fifth characters, the lattice can be searched only
from paths with the lowest costs.

By traversing the lattice, the search algorithm determines a
path with the lowest cost. For example, the path with the
lowest cost through the lattice in FIG. 5 1s illustrated by the

bolded path through nodes 510, 520, 530, 540, and 550.

Candidate nodes along the path with the lowest cost corre-
spond to a candidate transcription of the text image. In this
example, the bolded path corresponds to the candidate tran-
scription “Alice.”

Referring back to FIG. 4, the decoder determines a tran-
scription that minimizes a cost (440). For example, the
decoder can traverse a lattice constructed with obtained can-
didate characters and associated scores. After traversing the
lattice, the decoder can output a candidate transcription that
resulted from a path with a least cost or a highest transcription
score.

FIG. 6 1s a tlow chart of an example process 600 for per-
forming optical character recognition. The process 600 1s an
example ol a two-pass approach to performing optical char-
acter recognition using a log-linear model. In general, the
log-linear model 1s used to evaluate characters from a number
of obtained candidate transcriptions. The process 600 will be
described as being performed by a system of one or more
computers.

The system receives atext image (610). The system obtains
candidate transcriptions of the text image (620). The system
can use any appropriate OCR technique to obtain transcrip-
tions of the text image, including transcriptions obtained from
conventional OCR systems.

The system constructs a lattice from N best candidate tran-
scriptions (630). Each node 1n the lattice corresponds to a
character 1n a candidate transcription. Feature functions of the
log linear model are evaluated to determine a cost associated
with each character. Edges of the lattice are associated with
the determined costs for each subsequent character in the
candidate transcriptions. The lattice can then be searched to
determine a path with the lowest cost.

FIG. 7 1s a diagram of an example lattice 700. The example
lattice 700 can be constructed during the second pass of a
two-pass OCR approach. A search algorithm, e.g. a beam
search algorithm, can be used to traverse the lattice 1n order to
determine a path with the lowest cost based on costs associ-
ated with edges of the lattice. Candidate characters on the
determined path with the lowest cost can then be output as a
transcription.

At each step 1n the lattice, candidate characters are identi-
fied from each subsequent segment of the N best candidate
transcriptions obtained 1n a first pass. For example, in FI1G. 7
the lattice can be constructed using three candidate transcrip-
tions “Alict)” “Aiice,” and “Zlice.”” Scores for each of the
characters from the candidate transcriptions can be deter-
mined using scores computed from a feature table, as
described above.
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The search can start at node 701. Candidate characters for
a first image segment can be identified from corresponding
first characters 1n the obtained candidate transcriptions. For
example, candidate characters 710 (“A”), 712 (“A”), and 714
(“Z”") can be 1dentified from first characters of the example
candidate transcriptions.

Scores for each of these candidate characters can be
obtained by computing feature functions on the correspond-
ing 1mage segment from the recerved text image. For
example, edges 705 and 707 can be associated with the deter-
mined cost for “A,” and edge 709 can be associated with the
determined cost for “Z.”

A search algorithm, e.g. beam search, can then search the
lattice for the next image segment using the next characters
from the obtained candidate transcriptions, 1n this example,
“I “l,” and “1.” With a beam width of 2, the beam search
searches the lattice only from nodes 710 and 712 by adding
nodes 720-72S.

By traversing the lattice, the search algorithm determines a
path with the lowest cost. For example, the path with the
lowest cost through the lattice in FIG. 7 1s illustrated by the
bolded path through nodes 710, 720, 730, 740, and 750. The
system can thus obtain the correct transcription “Alice” even
though none of the candidate transcriptions alone were a
correct transcription.

Referring back to FIG. 6, the system determines a tran-
scription that minimizes a cost (640). For example, the system
can traverse a lattice constructed in the previous step from
characters 1n the obtained candidate transcriptions. The sys-
tem can then output a transcription that resulted from a path
with the lowest cost.

Embodiments of the subject matter and the operations
described in this specification can be implemented 1n digital
clectronic circuitry, or 1n computer software, firmware, or
hardware, including the structures disclosed 1n this specifica-
tion and their structural equivalents, or in combinations of one
or more of them. Embodiments of the subject matter
described in this specification can be implemented as one or
more computer programs, 1.€., one or more modules of com-
puter program instructions, encoded on computer storage
medium for execution by, or to control the operation of, data
processing apparatus. Alternatively or 1n addition, the pro-
gram 1nstructions can be encoded on an artificially-generated
propagated signal, e.g., a machine-generated electrical, opti-
cal, or electromagnetic signal, that 1s generated to encode
information for transmission to suitable receiver apparatus
for execution by a data processing apparatus. A computer
storage medium can be, or be included 1n, a computer-read-
able storage device, a computer-readable storage substrate, a
random or serial access memory array or device, or a combi-
nation of one or more of them. Moreover, while a computer
storage medium 1s not a propagated signal, a computer stor-
age medium can be a source or destination of computer pro-
gram 1nstructions encoded 1n an artificially-generated propa-
gated signal. The computer storage medium can also be, or be
included 1n, one or more separate physical components or
media (e.g., multiple CDs, disks, or other storage devices).

The operations described 1n this specification can be imple-
mented as operations performed by a data processing appa-
ratus on data stored on one or more computer-readable stor-
age devices or received from other sources.

The term “data processing apparatus” encompasses all
kinds of apparatus, devices, and machines for processing
data, including by way of example a programmable proces-
sor, a computer, a system on a chip, or multiple ones, or
combinations, of the foregoing The apparatus can include
special purpose logic circuitry, e.g., an FPGA (field program-
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mable gate array) or an ASIC (application-specific integrated
circuit). The apparatus can also include, 1n addition to hard-
ware, code that creates an execution environment for the
computer program 1n question, e€.g., code that constitutes
processor firmware, a protocol stack, a database management
system, an operating system, a cross-platform runtime envi-
ronment, a virtual machine, or a combination of one or more
of them. The apparatus and execution environment can real-
1ze various different computing model infrastructures, for
example, web services, distributed computing and grid com-
puting inirastructures.

A computer program (also known as a program, soitware,
soltware application, script, or code) can be written 1n any
form of programming language, including compiled or inter-
preted languages, declarative or procedural languages, and 1t
can be deployed 1n any form, including as a stand-alone
program or as a module, component, subroutine, object, or
other unit suitable for use 1 a computing environment. A
computer program may, but need not, correspond to afilen a
file system. A program can be stored in a portion of a file that
holds other programs or data (e.g., one or more scripts stored
in a markup language document), 1n a single file dedicated to
the program 1n question, or in multiple coordinated files (e.g.,
files that store one or more modules, sub-programs, or por-
tions of code). A computer program can be deployed to be
executed on one computer or on multiple computers that are
located at one site or distributed across multiple sites and
interconnected by a communication network.

The processes and logic flows described 1n this specifica-
tion can be performed by one or more programmable proces-
sOors executing one or more computer programs to perform
actions by operating on input data and generating output. The
processes and logic flows can also be performed by, and
apparatus can also be implemented as, special purpose logic
circuitry, e.g., an FPGA (field programmable gate array) or an
ASIC (application-specific integrated circuit).

Processors suitable for the execution of a computer pro-
gram include, by way of example, both general and special
purpose microprocessors, and any one or more processors of
any kind of digital computer. Generally, a processor will
receive instructions and data from a read-only memory or a
random access memory or both. The essential elements of a
computer are a processor for performing actions 1 accor-
dance with instructions and one or more memory devices for
storing instructions and data. Generally, a computer will also
include, or be operatively coupled to receirve data from or
transier data to, or both, one or more mass storage devices for
storing data, e¢.g., magnetic, magneto-optical disks, or optical
disks. However, a computer need not have such devices.
Moreover, a computer can be embedded 1n another device,
¢.g., amobile telephone, a personal digital assistant (PDA), a
mobile audio or video player, a game console, a Global Posi-
tioning System (GPS) receiver, or a portable storage device
(e.g., a umversal serial bus (USB) flash drive), to name just a
tew. Devices suitable for storing computer program instruc-
tions and data include all forms of non-volatile memory,
media and memory devices, including by way of example
semiconductor memory devices, e.g., EPROM, EEPROM,
and flash memory devices; magnetic disks, e.g., internal hard
disks or removable disks; magneto-optical disks; and CD-
ROM and DVD-ROM disks. The processor and the memory
can be supplemented by, or incorporated in, special purpose
logic circuitry.

To provide for interaction with a user, embodiments of the
subject matter described 1n this specification can be imple-
mented on a computer having a display device, e.g., a CRT
(cathode ray tube) or LCD (liquid crystal display) monitor,
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for displaying information to the user and a keyboard and a
pointing device, e.g., amouse or a trackball, by which the user
can provide mput to the computer. Other kinds of devices can
be used to provide for mteraction with a user as well; for
example, feedback provided to the user can be any form of
sensory feedback, e.g., visual feedback, auditory feedback, or
tactile feedback; and input from the user can be recetved in
any form, including acoustic, speech, or tactile input. In addi-
tion, a computer can interact with a user by sending docu-
ments to and recerving documents from a device that 1s used
by the user; for example, by sending web pages to a web
browser on a user’s client device in response to requests
received from the web browser.

Embodiments of the subject matter described in this speci-
fication can be implemented 1n a computing system that
includes a back-end component, e.g., as a data server, or that
includes a middleware component, €.g., an application server,
or that includes a front-end component, e.g., a client com-
puter having a graphical user interface or a Web browser
through which a user can interact with an implementation of
the subject matter described in this specification, or any com-
bination of one or more such back-end, middleware, or front-
end components. The components of the system can be inter-
connected by any form or medium of digital data
communication, €.g., a communication network. Examples
of communication networks include a local area network
(“LAN") and a wide area network (“WAN”), an inter-network
(¢.g., the Internet), and peer-to-peer networks (e.g., ad hoc
peer-to-peer networks).

A system of one or more computers can be configured to
perform particular operations or actions by virtue of having
software, firmware, hardware, or a combination of them
installed on the system that in operation causes or cause the
system to perform the actions. One or more computer pro-
grams can be configured to perform particular operations or
actions by virtue of including instructions that, when
executed by data processing apparatus, cause the apparatus to
perform the actions.

The computing system can 1nclude clients and servers. A
client and server are generally remote from each other and
typically interact through a communication network. The
relationship of client and server arises by virtue of computer
programs running on the respective computers and having a
client-server relationship to each other. In some embodi-
ments, a server transmits data (e.g., an HITML page) to a client
device (e.g., for purposes of displaying data to and receiving
user input from a user interacting with the client device). Data
generated at the client device (e.g., a result of the user inter-
action) can be received from the client device at the server.

While this specification contains many specific implemen-
tation details, these should not be construed as limitations on
the scope of any mmventions or of what may be claimed, but
rather as descriptions of features specific to particular
embodiments of particular inventions. Certain features that
are described 1n this specification in the context of separate
embodiments can also be implemented in combination 1n a
single embodiment. Conversely, various features that are
described 1n the context of a single embodiment can also be
implemented in multiple embodiments separately or in any
suitable subcombination. Moreover, although features may
be described above as acting in certain combinations and even
initially claimed as such, one or more features from a claimed
combination can in some cases be excised from the combi-
nation, and the claimed combination may be directed to a
subcombination or variation of a subcombination.

Similarly, while operations are depicted 1n the drawings 1n
a particular order, this should not be understood as requiring
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that such operations be performed in the particular order
shown or 1n sequential order, or that all illustrated operations
be performed, to achieve desirable results. In certain circum-
stances, multitasking and parallel processing may be advan-
tageous. Moreover, the separation of various system compo-
nents 1 the embodiments described above should not be
understood as requiring such separation in all embodiments,
and 1t should be understood that the described program com-
ponents and systems can generally be integrated together in a
single software product or packaged into multiple software
products.

Thus, particular embodiments of the subject matter have
been described. Other embodiments are within the scope of
the following claims. In some cases, the actions recited in the
claims can be performed 1n a different order and still achieve
desirable results. In addition, the processes depicted in the
accompanying figures do not necessarily require the particu-
lar order shown, or sequential order, to achieve desirable
results. In certain implementations, multitasking and parallel
processing may be advantageous.

What 1s claimed 1s:
1. A system comprising;:
one or more computers; and
one or more storage devices storing instructions that, when
executed by the one or more computers, cause the one or
more computers to perform operations comprising:
receiving a text image divided into one or more 1mage
segments;
evaluating a set of feature functions for a log linear
model to determine respective feature values for each
image segment of the text image, wherein each fea-
ture function h, maps each image segment S, to a
teature value, and wherein each feature function h, 1s
associated with a respective feature weight A ;
identifying one or more candidate characters for each
1image segment, wherein the candidate characters are
1dentified using the determined feature values for the
corresponding 1mage segment, and wherein each
1dentified candidate character has an associated score
determined according to {feature functions and
weights of the log linear model, and wherein the can-
didate characters are identified using a feature table
that stores co-occurrence counts between characters
and feature values,
wherein feature values in the feature table comprise a
first feature value computed from a co-occurrence
count of a character t, 1n training data with a k-th row
or column projection p, of an 1mage segment S, cor-
responding to character t,, wherein the first feature
value 1s based at least on part on:

log(Count(p,(S,).t;),

wherein feature values 1n the feature table comprise a sec-
ond feature value computed based on a character lan-
guage model, wherein the second feature value corre-
sponds to a probability for a given input character based
one or more previous characters; and

determinming, by application of a search function, a tran-
scription that minimizes a cost for the text image accord-
ing to the log linear model, wherein the transcription 1s a
sequence of 1dentified candidate characters, one candi-
date character for each image segment, wherein the
search function performs a beam search through a lattice
of nodes and directed edges, wherein each node corre-
sponds to one of the identified candidate characters and
cach edge to a node 1s associated with the score associ-
ated with the node.
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2. A computer-implemented method comprising:
receiving a text image I;

evaluating a set of feature functions for a log linear model
to determine respective feature values for the text image
I, wherein each feature function h, maps the text image/
to a feature value, and wherein each feature functionh, 1s
associated with a respective feature weight A;; and

determining a transcription T that minimizes a cost of the
log linear model.

3. The method of claim 2, wherein determining a transcrip-
tion T comprises determining a transcription T that mini-
mizes a cost for the log linear model over transcriptions T
according to:

4.'The method of claim 2, wherein determining a transcrip-
tion T comprises determining a transcription T that mini-
mizes a cost for the log linear model over pairs of transcrip-
tions T and 1mage segmentations S according to:

M
N AT, S, D).
=1

I = argmax
T.S

5. The method of claim 2, further comprising;

identifying one or more candidate characters for each of
one or more 1mage segments of the text image, wherein
the candidate characters are 1dentified using the deter-
mined feature values for the corresponding image seg-
ment, and wherein each identified candidate character
has an associated score determined according to the log
linear model, and

wherein determining, by result of a search function, a tran-
scription T comprises 1dentifying a sequence of 1denti-
fled candidate characters, one candidate character for
cach 1image segment, that produces a highest transcrip-
tion score.

6. The method of claim 2, further comprising:

identifying one or more candidate characters for each of
one or more 1mage segments of the text image, wherein
the candidate characters are identified from a set of
candidate transcriptions, and wherein each identified
candidate character has an associated score determined
according to the log linear model, and

wherein determining, by result of a search function, a tran-
scription T comprises 1dentifying a sequence ol 1denti-
fled candidate characters, one candidate character for
cach 1image segment, that produces a highest transcrip-
tion score.

7. The method of claim 5, wherein the 1dentified candidate
characters are 1dentified from a feature table that stores co-
occurrence counts between characters and feature values.

8. The method of claim 7, wherein feature values 1n the
teature table comprise a first feature value computed from a
co-occurrence count of a character t, in training data with a
k-th row or column projection p, of an 1mage segment S,
corresponding to character t..

9. The method of claim 8, wherein the first feature value 1s
given by a first feature function defined by:
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Count(p, (S;), ;)
Count(p; (i)

log

10. The method of claim 8, wherein the first feature value
1s grven by a first feature function defined by:

Count(p, (S;), 1;)
Count(z;,)

0g

11. The method of claim 5, wherein the search algorithm
performs a beam search through a lattice, wherein the lattice

comprises nodes of each of the identified candidate characters
for each 1mage segment and edges of each associated score.

12. The method of claim 2, wherein the feature functions
comprise a first feature function that 1s based on a character
language model, wherein a first feature value for the first
feature Tunction corresponds to a probability for a given input
character based one or more previous characters.

13. The method of claim 2, wherein the feature functions
comprise a first feature function that 1s based on a document
image decoding model.

14. The method of claim 2, wherein the feature functions
comprise a first feature function that 1s based on a hidden
Markov model.

15. A system comprising:
one or more computers; and

one or more storage devices storing instructions that, when
executed by the one or more computers, cause the one or
more computers to perform operations comprising:

receiving a text image I;

evaluating a set of feature functions for a log linear
model to determine respective feature values for the
text 1mage I, wherein each feature function h, maps
the text image I to a feature value, and wherein each
feature function h, 1s associated with a respective fea-
ture weight A ; and

determining a transcription T that minimizes a cost of
the log linear model.

16. The system of claim 15, wherein the operations further
comprise:

identifying one or more candidate characters for each of
one or more 1mage segments of the text image, wherein
the candidate characters are 1dentified using the deter-
mined feature values for the corresponding 1mage seg-
ment, and wherein each identified candidate character
has an associated score determined according to the log
linear model, and

wherein determining, by result of a search function, a tran-
scription T comprises 1dentifying a sequence of 1denti-
filed candidate characters, one candidate character for
cach 1image segment, that produces a highest transcrip-
tion score.

17. The system of claim 16, wherein feature values are
identified from a feature table, and wherein the feature values
comprise a first feature value computed from a co-occurrence
count of a character t, 1in training data with a k-th row or
column projection p, of an1mage segment S, corresponding to
character t..

18. The system of claim 17, wherein the first feature value
1s grven by a first feature function defined by:
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IDgCDUHt(P;{ (5:), ;)
Count(pe (S;))
: : 5
19. The system of claim 17, wherein the first feature value
1s given by a first feature function defined by:
IDgCDUHt(P;{ (S7), ;) | 0

Count(z;)

20. The system of claim 15, wherein the search algorithm
performs a beam search through a lattice, wherein the lattice
comprises each of the identified candidate characters for each 15
image segment and each associated score.
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